By a study of the adhesion of rheumatoid mononuclear cells, we have sought to clarify the homing properties and origins of cells likely to be involved in the pathogenesis of this disease. The adhesion of mononuclear cells from patients with rheumatoid arthritis (RA) was enumerated by an in vitro adherence assay using frozen sections of endothelium-containing gut lamina propria (EGLP) from porcine small intestine. Preliminary studies verified the involvement of known adhesion molecules by inhibition assays using monoclonal antibodies Meca-367, Mel-14 and Hermes-3. Twenty-five paired samples of peripheral blood (PB) and synovial fluid (SF) were studied, plus six from synovial membrane (SM) and eight from patients with other diseases. There was a significantly greater degree of adherence to EGLP by SF cells than PB (mean adherence 266 ± 22 cells/mm 2 , compared to 136 ± 13 cells/mm 2 , respectively, the majority of which were CD8 + cells; P = 0.02, Mann-Whitney 17-test for 25 paired samples). The results of the monoclonal antibody inhibition assays were in keeping with the involvement of homing receptors to gut endothelium in our assay system. Synovial fluid lymphocytes from RA patients exhibited adhesion properties more in keeping with lymphocytes of mucosal than of lymph node origin. Synovial membrane lymphocytes, by contrast, showed poor adherence to endothelium-containing lamina propria. The gut, as an immune lymphoid organ, may thus play a contributory role in this disease, possibly through the pathological seeding of cells into the synovial space.
THE histological appearance of rheumatoid synovium has been likened to that of lymph node [1] . The homing of lymphocytes to lymphatic tissues has been known for nearly 30 yr [2] . Differential homing of lymphocytes to mucosal and lymph node sites has led to the concept of different lymphocyte itineraries, lymphocytes trafficking from mucosa to blood to mucosa, and lymph node to blood to lymph node. More recently, skin-homing lymphocytes have been acknowledged as a third lymphocyte migratory pathway [3] . These homing pathways are regulated by interactions, at the molecular level, between lymphocyte surface receptors (homing receptors) and their corresponding receptors (vascular addressins) expressed on the surface of endothelium, including the high endothelium seen in lymph nodes. This endothelium-lymphocyte interaction plays a pivotal role in lymphocyte migratory patterns. Hence, organ selectivity is primarily based on the occurrence of adhesion molecules on lymphocyte subsets and on endothelial surfaces. Both in vitro endothelium adherence assays [4] [5] [6] [7] [8] and the development of specific monoclonal antibodies [9] [10] [11] have confirmed the role of these determinants in selective lymphocyte migratory patterns.
A great number of adhesion molecules are now known. On endothelial surfaces, immunoglobulin superfamily molecules, such as VCAM-1, ICAM-1 and MAdCAM-1, selectin family molecules such as P-and E-selectins, and mucin molecules such as GlyCAM-1 are present. These, together with their complementary ligands VLA-4, LFA-1 and a407 (all of the integrin family), PSGL-1, sialyated Lewis-x and L-selectin, respectively, are the main adhesion molecules involved in these migratory processes [12] [13] [14] [15] [16] . The homing receptors L-selectin, and the <x4/J7 or a 4/? 1 integrins are mainly of importance in organ-specific lymphocyte migration to peripheral lymph node and mucosal sites, respectively. Recent evidence has suggested that L-selectin may also have a role in homing to mucosal sites [17] .
It has been suggested that the mucosa-associated lymphoid tissue (MALT) and its migratory cells may be involved in the aetiopathogenesis of rheumatoid arthritis (RA) [18] .
The 'iteropathy hypothesis' postulates that lymphocytes which make the journey ('iter') from mucosal sites to blood, and then back to mucosa, may home pathologically to joints [19] . Were this true, one would anticipate that the lymphocytes populating synovial membrane and synovial fluid would be enriched for lymphocytes that originated from mucosal sites rather than lymph node.
The aim of this work therefore was to study the adhesion properties of lymphocytes known to be of mucosal and of lymph node origin, and to compare them with those of peripheral blood (PB), synovial fluid (SF) and synovial membrane (SM) from patients with RA. Since human lymphocytes from gut or lymph node are ethically difficult to acquire in adequate numbers, we used porcine lymphocytes from Peyer's patch (PP), PB and lymph node (LN) as a standard against which the properties of human cells could be compared.
MATERIALS AND METHODS

Preparation of mononuclear cell suspensions
Source/animals. The adherence characteristics of porcine cells of known mucosal or lymph node origin were studied. Fresh PB, peripheral LN and small intestine were obtained from the local abattoir. The blood was anti-coagulated with 4 units of preservativefree heparin (Sigma), and dextran erythrocyte sedimentation mixture (DSM, Sigma), 4 ml for every 20 ml of blood. The lymph node and gut segments were transported in Hank's balanced salt solution (HBSS, Gibco) at ambient temperature.
Porcine Peyer's patch and lymph node cells. PP were identified as raised, dome-like areas on the outer epithelium of the small intestine. They were excised from the rest of the tissue and cut into pieces 1-2 cm 2 in size, in readiness for enzymic digestion. A total of 20-25 PP sections were prepared from each sample, washed twice in phosphate-buffered saline (PBS) and added to 100 ml of HBSS, to which were added 150 mg of protease (Dispase Neutral protease from Bacillus polymyxa grade 2, Boehringer), and then stirred at 37°C for 45 min. The supernatant containing the dissociated cells was aspirated, washed twice and resuspended in supplemented Iscove's culture medium (sICM, Flow Labs) at a concentration of 5 x 10*/ml. The same procedure was used for LN.
Porcine PB cells. Blood samples were centrifuged at 150 g for 10 min, the supernatant was resuspended in HBSS and layered onto an equal volume of lymphocyte separation medium (Histopaque, Sigma) and centrifuged for 30 min at 400 g at room temperature. Interface cells were spun down and resuspended in sICM. Almost all the porcine cell preparations stained by Irishman's technique appeared to be lymphocytes, and viability was >90% by trypan blue exclusion.
Human rheumatoid SF, PB, SM and control PB cells. Paired samples of PB and knee SF were obtained from 15 female and 10 male patients with active RA according to ACR revised criteria [20] . All had at least one painful swollen joint, a raised plasma viscosity and an increased. C-reactive protein. The disease duration ranged from 5 months to 12 yr and their average age was 65 yr. SM samples from six RA patients undergoing synovectomy and 30 PB samples from control patients were also obtained. The controls consisted of in-patients with soft tissue rheumatism (e.g. back pain). Paired samples were also obtained from eight patients with other diseases: reactive arthritis (n = 4), osteoarthritis (n = 2), Paget's disease (n = 1) and Reiter's syndrome (n = 1). Synovial fluid from knee joints was added to an equal volume of 0.9% saline. Both knee SF and PB lymphocytes were obtained by density-gradient centrifugation as described above. SM cells were obtained in the same manner as porcine cells from PP with the exception that 150 mg of protease were used in 50 ml of HBSS for a period of 1 h at 37°C. An alternative method of isolating synovial membrane cells was also used. This consisted of cutting the membrane into small pieces (<0.5cm) which were washed-several times with HBSS, and poured into the barrel of a 20 ml syringe. Further cell release was obtained by the plunger slowly pumping the cell suspension up and down. Once tissue was fully disrupted, it was centrifuged at 150g for 10 min and supernatant discarded. The pellet was resuspended in sICM and lymphocytes obtained by density-gradient centrifugation. The viability of cells was consistently > 90% as ascertained by trypan blue exclusion.
In vitro adherence assay
PP tissue was embedded in Tissue Tek OCT compound (Miles), snap frozen in liquid nitrogen and stored at -80°C. Before sectioning, the tissues were kept at -20°C overnight. Sections of 10 /im were cut using a cryostat and a modified in vitro adherence assay performed [6] . Fifty microlitres of cell suspension (250 000 cells) were layered onto the tissue section which was encircled by a wax pen, agitated on a shaking platform at 70 r.p.m. for 30 min at 4°C. The same volume and quantity of latex particles was added to each assay as an internal control for background adhesion. After incubation, the non-adherent cells were decanted from the tissue by gentle tapping and with the aid of a Q-tip applicator. The tissue sections were then fixed in 2% glutaraldehyde (Sigma) for 10 min and repeatedly washed in PBS. Once dried they were stained with haematoxylin and eosin. Adherent cells appeared blue and on a slightly different focal plane than the underlying tissue, which appeared pink/red. Latex particles appeared colourless. After staining, the sections were fixed with DPX mountant (BDH) for permanent storage (see Fig. 1 ). Quantification was carried out by one observer using bright-field microscopy, x 250 magnification, with a graticule equipped eyepiece. Cells overlying 1 mm 2 of tissue were enumerated. Latex particles were also counted by this method. Ten fields were counted on each tissue section. All the observations were made by one observer (AK). Results were expressed as adherent cells per square millimetre both for added cells and latex particles. Specific adherence was determined by subtracting the figure obtained for latex particle adhesion in the same field from that obtained for mononuclear cells. The intra-observer coefficient of variation was 3.9%.
Inhibition studies
Metabolic conditions. Metabolic dependence of the technique was studied by adding sodium azide (20 nm). Calcium dependency was investigated by observing the effect of EGTA (50 mM). Since cell adherence to epithelium and endothelium involves galactose-6-phosphate and mannose-6-phosphate sugar residues, respectively [22] , the effect of these was also studied by incorporating them at a concentration of 20 mM in the cell suspensions.
Monoclonal antibodies. Interaction of homing receptors from lymphocytes of mucosal and lymph node origin with the corresponding endothelial addressins was confirmed using monoclonal antibodies directed against the receptors involved. These included Meca-367, Hermes-3 and Mel-14. They had been kindly donated by Prof. E. C. Butcher and Dr S. Jalkanen.
Meca-367 is directed against PP endothelial cell addressin [9] . It is now known to recognize the mucosal vascular addressin MAdCAM-1 [16, 17] . The location of this addressin has been studied morphologically by employing an indirect two-step immunoperoxidase method [21] . We used it in a direct adherence -blocking assay in which 100 /il were pre-incubated on 10 (im PP tissue sections at 4°C, agitated at 70 r.p.m. for 30 min followed by the in vitro adherence assay as described above, using SF and PB cells.
Hermes-3 is directed against the human CD44 mucosal homing receptor [23] . Mel-14 is directed against L-selectin; the murine peripheral lymph node-seeking homing receptor [24] . These antibodies were used in direct adherence blocking assays as described [25] , by incubation with the cells at 4 C C for 60 min whilst agitating at 70 r.p.m. Both Mel-14 and Hermes-3 were tested against human control PB cells, RA PB cells and RA SF cells. In each case, a non-specific monoclonal antibody was used as a control.
Immunohistochemistry
Meca-367 was used to reveal the location of mucosal endothelial addressin. Ouster differentiation antigen (CD) expression of adherent cells was determined by a standard alkaline phosphatase anti-alkaline phosphatase (APAAP) staining procedure [26] , using monoclonals to CD3, CD4, CD8, CD 19 and HLA-DR (Dako Ltd), using RA SF and PB cells of three paired RA samples. (Fig. 2) PP lymphocytes showed the greatest degree of adherence to their own tissue of origin. The adherence of mononuclear cells from PB and LN to endotheliumcontaining gut lamina propria (EGLP) was significantly less (P = 0.007 for PB and P = 0.005 for LN, as compared to PP adherence, Mann-Whitney CZ-test). In order to exclude a possible non-specific effect of mucus, experiments using dithiothreitol (DDT), a mucus remover, were carried out. These showed no appreciable effect in the assay system of any residual mucus (results expressed as per cent adherence); PP lymphocyte adherefice to DDT-treated tissue: 101% (±5%) and PP lymphocyte adherence to non-DDT treated tissue (control): 100% (±2%).
RESULTS
Adherence of porcine Peyer's patch, peripheral blood and lymph node mononuclear cells
TABLE I Adhesion to endothelium-containing propria, using monoclonal! Hermes-3 (directed against mucosal homing receptor), Meca-367 (directed against mucosal addressin) and Mel-14 (directed against lymph node homing receptor) on RA synovial fluid (SF) and peripheral blood (PB) mononuclear cells (n -4). In each case, a non-specific monoclonal antibody was used as a control The adherence properties of PP lymphocytes from different regions (ileum and jejunum) of the intestinal tract were also studied, by adherence to ileal endothelium-containing tissue. The results also showed no appreciable difference; PP lymphocytes from ileum (taken as control): 100% (±4%), PP lymphocytes from jejunum: 103% (±5%).
Adherence of human RA synovia! fluid, peripheral blood, synovia! membrane and control peripheral blood mononuclear cells (Fig. 3) The adherence of SF cells was greater than that of RA and control PB cells. Interestingly, SM cells showed a very low adherence level. This cannot be attributed to the fact that they were obtained via enzymatic dissociation from SM because we found no significant difference in adherence between mononuclear cells obtained by this method or by mechanical disruption followed by density-gradient centrifugation, and a similar enzymic method when applied to porcine PP did not prevent subsequent cell adhesion.
When paired SF and PB cells were compared, it could be seen that in 23 out of the 25 samples ) and the number of adherent latex particles showed no correlation with the number of adherent mononuclear cells in the same area. The findings were similar for the reactive arthritis cases, but not for the two cases of osteoarthritis studied (Fig. 4) .
Inhibition studies
The effects of monoclonal antibodies directed against homing receptors and vascular addressins can be seen in Table I . Neither RA PB nor RA SF cells were inhibited by Mel-14, whereas Hermes-3 and Meca-367 were markedly inhibitory. Latex particles gave a consistently low background adherence.
The experiments using sugars showed that galactose-6-phosphate had no inhibitory effect on adherence; mannose-6-phosphate caused a 60-70% inhibition. Sodium azide caused a 98% inhibition. EGTA inhibited adherence by 40%.
Immunohistochemistry
Meca-367 binding to the mucosal addressin was demonstrated in the lamina propria of the ileal small intestine, in between the crypts closer to the muscularis externa. No staining was observed in the viUi (Fig. 5) . Similar results have been shown using Meca-325, directed against the mucosal vascular addressin [21] . For results of APAAP staining, see Table II .
RA paired synovia! fluid and peripheral blood mononuclear cell adherence to lymph node and Peyer's patch tissue Four paired RA SF and PB cell samples were layered onto PP and LN tissue under identical experimental conditions. The results are given in Table III. DISCUSSION Inflammation is known to involve adhesion of leucocytes to the endothelium of post-capillary venules, followed by transmigration into tissues, where they remain localized by adhesion to matrix proteins. The process is a multi-stage event [13] [14] [15] . Our studies have demonstrated that the in vitro adherence assay requires metabolic activity (98% inhibition by sodium azide), is partly calcium dependent (40% inhibition in the presence of EGTA) and involves endothelium (70% inhibition by mannose-6-phosphate, while galactose-6-phosphate had no effect).
Although RA PB, SF, SM and control PB lymphocytes all adhered to endothelium-containing lamina propria, the adherence of SF lymphocytes was significantly greater than that of the others. This would imply that these cells, when compared to cells from other sites, included a greater proportion with homing receptors complementary to the vascular addressins of mucosal endothelium. In this respect, therefore, they share the property of the MALT population of lymphocytes. It would therefore appear that in RA, an appreciable proportion of the mononuclear cells found within the joints share adhesion characteristics with lymphocytes originating from the gut.
The results obtained using monoclonal antibodies directed against homing receptors and addressins imply involvement of a mucosal adhesion molecule. While Meca-367 (directed against MAdCAM-1; the mucosal vascular addressin) and Hermes-3 (directed against the CD44 mucosal homing receptor) inhibited adherence of RA SF and RA PB lymphocytes to mucosal tissue, Mel-14 (directed against L-selectin; the peripheral lymph node homing receptor) had no inhibitory effect on these cells (see Table I ).
The results indicate that complementary mucosal adhesion molecules are necessary for lymphocyteendothelial cell adherence in our assay, and that SF lymphocytes include a greater proportion of cells expressing this mucosal receptor. L-Selectin is known also to contribute to homing into mucosal sites [17] , although its more dominant role is to direct lymphocytes to peripheral LNs. Thus, the inability of Mel-14 to inhibit SF and PB lymphocyte adherence to mucosal sites requires explanation. It is known that L-selectin is involved in the initial retardation of rolling intravascular lymphocytes. This differs from the conditions encountered in our assay, which more closely mimic the events that follow subsequently. Hence, it seems that in vitro assays may reflect certain other aspects of in vivo lymphocyte adherence mechanisms [27] .
Meca-367 was also used in immunoperoxidase staining (Fig. 5) . It positively stained tissue in between the crypts in close proximity to the muscularis externa of ileal lamina propria. The villi were completely devoid of any positive staining. This is interesting not only because similar results have been reported with another monoclonal, Meca-325 [21] , but because the regions which stain are the same regions in which we observed mononuclear cell adherence. It would seem likely, therefore, that they utilize a common addressin. This is further supported by the fact that Meca-367 inhibited the adherence of SF lymphocytes by >70%. The lamina propria endothelium, though not possessing the morphology of a high endothelial venule, may nevertheless have a role in the adherence and possible migration of lymphocytes, in contrast to the follicular regions where we did not observe cell adherence.
APAAP results from the three individual RA paired PB and SF lymphocyte samples showed that > 80% of all adherent SF lymphocytes were of the CD3 + phenotype (Table II) . Of these, 61-65% were CD8 + and 49-63% were HLA-DR positive compared to PB (42-48% CD8+ and 34-38% HLA-DR positive). The high proportion of CD8 + adherent lymphocytes in SF is interesting. MALT similarly possesses a high proportion of CD + cells.
On the other hand, the HLA-DR results would indicate that a higher proportion of SF lymphocytes are activated as compared to PB lymphocytes, and one might be tempted to explain the high adherence levels of SF lymphocytes on this account. However, a mean 36% of the RA PB lymphocytes were HLA-DR+ , but their adherence was no greater than control PB lymphocytes. Secondly, when SF lymphocytes were layered onto LN, they showed on average 80% decrease in adherence compared to layering onto PP, even though they were 49-63% HLA-DR+ (Table III) . Thus, it would seem that activation of cells by itself was not the only reason for the adhesion of cells as they still manifested organ or receptor specificity.
It might be asked whether the adherence of cells to porcine gut lamina propria in the vicinity of PPs was due to gut inflammation, which has been shown to lead to a greater degree of receptor activation and expression, and hence a greater degree of adherence. However, the samples came from inspected healthy animals, in whom active inflammation at the time of slaughter was unlikely. Furthermore, it has been shown that inducible cell adhesion molecule (Incam-110, now known as VCAM-1), which is present on inflamed endothelium (acute appendicitis, granulomatous lymphadenitis and chronic rheumatoid synovitis), is not present on PP endothelial samples [28] .
Another interesting point was the very low adherence of SM lymphocytes to endothelium-containing lamina propria. This was unlikely to be due to the method used for isolating SM lymphocytes, since dispase treatment of SM lymphocytes did not significantly alter adhesion compared to mechanical separation. Circulating T cells migrate via synovial endothelium into the synovium, and then across the membrane into the synovial space where they form part of the synovial fluid. Low levels of adherence to endothelium-containing lamina propria by SM lymphocytes, in comparison to the significantly higher values obtained with SF lymphocytes, would suggest that the latter are enriched for the homing receptor required for adhesion to mucosal endothelium. This discrepancy requires explanation.
VCAM-1, which is one of the adhesion molecules found in synovial membrane, is known to interact with a4/?l (VLA-4), although oc407 has also been shown to act as a receptor for VCAM-1. However, the a4/?7 binding site on VCAM-1 is not identical with its binding site to MAdCAM-1 [29] . Hence, it is possible that cells that adhere to SM endothelium accomplish this via a407/VCAM-l interaction, but in the preparation of cell suspensions the VCAM-1 molecule may remain bound to SM lymphocytes disrupted from SM tissue. This may explain the subsequent low level of adherence of these cells to gut lamina propria endothelium, and yet tie in with the findings of high <x4/?7 expression in SM lymphocytes. The apparently low <x407 expression in SF lymphocytes [30] may be due to influences that hinder monoclonal antibody (Act-1) binding to the a4/?7 epitope (e.g. activation of a4/?7 receptor by stimuli within the synovial fluid) while preserving adherence to mucosal addressin MAdCAM-1.
There remains the underlying question of whether cross-species adhesion is valid in the context of our work. In this respect, it is of interest that a murine monoclonal anti-human E-selectin has been shown to cross-react with porcine E-selectin in endothelium [31] . Porcine neutrophils adhering to human E-selectin are inhibited by this antibody, which also inhibits adhesion to porcine E-selectin, as well as human neutrophil adhesion to porcine E-selectin. Furthermore, it has been shown that the amino acid residues important for adhesion to human E-selectin are all conserved in the porcine sequence for E-selectin [31] . Whilst not constituting absolute proof, it seems reasonable to suppose that similarity between other adhesion molecules and their ligands across the same two species is likely.
The above findings lend credence to the hypothesis that SF lymphocytes in RA include a population of cells which share adhesion characteristics with PP lymphocytes. This may be due to the rheumatoid process affecting gut mucosal lymphocytes, causing them to migrate to synovium, or alternatively the rheumatic process may affect synovial endothelium in such a way as to express a molecule which could be mistaken by itinerant mucosal lymphocytes as a mucosal addressin.
In the future, it would seem reasonable to study the effect on cell adhesion of various in .vivo treatment modalities, as well as the adhesion properties of cells obtained from patients with complications of rheumatic diseases, such as vasculitis.
